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Long‐term growth of a valley‐bottom gully, western Iowa
Abstract
Growth of a permanent, valley‐bottom gully from 1964 to 2000 was determined annually from survey and
sediment‐discharge data and compared with runoff and baseﬂow discharges. Data were analysed to test the
hypothesis that rates of gully growth decay exponentially with time in response to shrinking catchment area
caused by gully enlargement. Also, monthly values of growth rates and runoff, averaged over the 36‐year
record, were analysed with mass‐wasting data to determine the extent to which colluvium availability affected
growth rates seasonally.
From 1964 to 2000, the gully volume increased by 9200 m3, accounting for 34 per cent of sediment yield
from the watershed. There were tight power‐law relationships between annual growth rates and annual runoff,
with runoff exponents of 1·57 and 1·30 for headward and volumetric growth, respectively. Increases in gully
length, area, and volume were ﬁtted successfully assuming an exponential decay in growth rate with time.
Rather than being due to a decrease in catchment area, however, the decline in growth rate was caused by a 77
per cent decrease in the ratio of runoff to baseﬂow, which also widened the gully and reduced the mean slope
of its banks. Order‐of‐magnitude seasonal changes in erosion efﬁciency, deﬁned as the fraction of stream
power used to evacuate sediment from the gully, were roughly correlated with colluvium availability, as
indicated by seasonal changes in the number of bank mass‐wasting events. No more than 2·2 per cent of
stream power was used to evacuate sediment during any month. This study demonstrates the danger of
attributing declining rates of gully growth to a shrinking catchment area if corroborative runoff and baseﬂow
data are not available. Moreover, it illustrates that stream power alone provides only a rough and physically
indirect measure of erosion potential.
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ABSTRACT
Growth of a permanent, valley-bottom gully from 1964 to 2000 was determined annually from survey and sediment-
discharge data and compared with runoff and baseﬂow discharges. Data were analysed to test the hypothesis that rates of
gully growth decay exponentially with time in response to shrinking catchment area caused by gully enlargement. Also,
monthly values of growth rates and runoff, averaged over the 36-year record, were analysed with mass-wasting data to
determine the extent to which colluvium availability affected growth rates seasonally.
From 1964 to 2000, the gully volume increased by 9200 m3, accounting for 34 per cent of sediment yield from the
watershed. There were tight power-law relationships between annual growth rates and annual runoff, with runoff exponents
of 1·57 and 1·30 for headward and volumetric growth, respectively. Increases in gully length, area, and volume were ﬁtted
successfully assuming an exponential decay in growth rate with time. Rather than being due to a decrease in catchment area,
however, the decline in growth rate was caused by a 77 per cent decrease in the ratio of runoff to baseﬂow, which also
widened the gully and reduced the mean slope of its banks. Order-of-magnitude seasonal changes in erosion efﬁciency,
deﬁned as the fraction of stream power used to evacuate sediment from the gully, were roughly correlated with colluvium
availability, as indicated by seasonal changes in the number of bank mass-wasting events. No more than 2·2 per cent of
stream power was used to evacuate sediment during any month. This study demonstrates the danger of attributing declining
rates of gully growth to a shrinking catchment area if corroborative runoff and baseﬂow data are not available. Moreover,
it illustrates that stream power alone provides only a rough and physically indirect measure of erosion potential. Copyright
© 2004 John Wiley & Sons, Ltd.
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INTRODUCTION
Erosion of gullies is of interest from agricultural, environmental, and geomorphic perspectives. Sediment losses
from gully erosion can be substantial over a range of environments and accounted for 10–94 per cent of erosion
by water in 56 catchment studies reviewed by Poesen et al. (2003). Direct and indirect consequences of such
soil losses are well known and include loss of agricultural land and damage to engineering structures. Gullies
also better integrate drainage systems, thereby increasing water and sediment discharges to higher-order basins
with attendant impacts on ﬂooding and water quality. Gullies are of interest to geomorphologists, in part, due
to the diversity of processes that operate within them. At the headcuts of large permanent gullies in particular,
some combination of sapping, piping and other mass-wasting processes (e.g. Dietrich and Dunne, 1993; Bull and
Kirkby, 1997) occurs together with concentrated overland ﬂow. Gully erosion is also an important component
in some models of sediment transport and landscape evolution (e.g. Howard, 1999; Kirkby et al., 2003).
Isolating the role of runoff discharge in controlling gully growth rates is an obvious priority in developing
either mathematical models of gully evolution or conservation strategies. Studies of gully erosion commonly
consider a large number of drainage basins, with the goal of linking various measures of gully growth rates with
geographic and environmental characteristics that govern runoff. These characteristics include catchment area
(e.g. Graf, 1977; Burkard and Kostaschuk, 1997; Vandekerckhove et al., 2001, 2003; Poesen et al., 2002, 2003)
* Correspondence to: N. R. Iverson, Department of Geological and Atmospheric Sciences, Iowa State University, Ames, IA 50011, USA.
E-mail: niverson@iastate.edu
996 J. T. THOMAS ET AL.
Copyright © 2004 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms 29, 995–1009 (2004)
and other factors that reﬂect climate, geology, and land use. The combined effect of these other factors on runoff
is commonly estimated using a runoff curve number – a ranking of potential runoff based on vegetation cover,
land use, soil type, and other factors (Dunne and Leopold, 1978). Runoff curve number can then be correlated
with rates of gully growth (e.g. Vandekerckhove et al., 2001).
An alternative approach is to monitor the growth of a single gully over many years and measure water
discharge through it directly. By focusing effort on a single gully, continuous and unambiguous records of water
discharge can be gathered over long periods more easily, and the effect of that discharge on gully growth can
be isolated from that of other control variables that are commonly different from one catchment to another (e.g.
soil type, land use).
In this study, we adopted the second approach by compiling a 36-year record of growth of a permanent,
valley-bottom gully in western Iowa. The gully was mapped and studied at irregular intervals during the ﬁrst
half of this period beginning in 1964 (Piest et al., 1975; Bradford et al., 1978; Bradford and Piest, 1980) and
was resurveyed several times in 1999 and 2000. Daily discharges of water and suspended sediment through the
gully were recorded nearly continuously over the 36-year period, and mass-wasting events at the gully headcut
were monitored during the last two years of the study.
Data were analysed with two objectives. The ﬁrst was to test the widely adopted hypothesis of Graf (1977)
that the rate of gully growth decays exponentially with time in response to the associated reduction in catchment
area and runoff (e.g. Rutherford et al., 1997; Nachtergaele et al., 2002). The long-term hydrograph for the gully
allowed its growth and morphology to be correlated directly to runoff and baseﬂow. The second objective was
to test the hypothesis that the rate of production of loose sediment by mass-wasting affects rates of gully erosion,
such that stream power or bed shear stress associated with runoff may provide poor indicators of erosion rate,
particularly over seasonal and shorter time scales (e.g. Piest et al., 1975).
BACKGROUND
Setting and gully characteristics
The thick loess and loess-derived alluvium deposits of western Iowa and northwestern Missouri are particu-
larly vulnerable to erosion by gullies that extend along the axes of ﬁrst-order stream valleys (Bradford and Piest,
1980). Hundreds of tons of sediment have been removed from the active heads of some valley-bottom gullies
in this area each year (Piest et al., 1975), and extremely rapid gully formation has been observed. Daniels
(1966a) reported that a gully 22·9 m long, 2·4 m deep, and 2·4 m wide formed overnight in this area during a
single rainstorm of 13–18 cm (Bull and Kirkby, 1997).
Loess deposits of Iowa and Missouri form hills that rise abruptly from the eastern edge of the Missouri River
alluvial plain. Loess of this region is 20–60 m thick and thins progressively to the east. The gully of this study
is located 26 km east of the Missouri River near the town of Treynor (Figure 1) and is part of Watershed #1
(0·3 km2) of the Deep Loess Research Station managed by the National Soil Tilth Laboratory of the USDA
Agricultural Research Service. The gully begins near the head of a ﬁrst-order stream that drains eventually to
the Nishnabotna and Missouri Rivers.
Loess was deposited in the area during the late Pleistocene, when the Missouri River was an outlet for glacial
meltwater. Aeolian deposition ended about 12 500 years ago, and water erosion and redeposition of loess are
responsible for the present topography. Throughout the Holocene, loess has been eroded from the uplands and
deposited in valley bottoms. This loess-derived alluvium is called the DeForest Formation (Daniels, 1966b),
which in western Iowa consists of two principal members (Bettis, 1990) with similar but not identical geotechnical
properties (Bradford and Piest, 1977). These deposits are overlain by a thin (c. 0·5 m) layer of post-settlement
alluvium (Bettis, 1990). Throughout the deep-loess region, ﬁrst-order stream gullies, including the one studied,
are eroded into the De Forest Formation, which may exceed 10 m in thickness.
The gully geometry (Figure 2a) is similar to that of most valley-bottom gullies in the area. The headcut, which
conforms to the ‘rilled-abrupt’ geometry deﬁned by Oostwoud Wijdenes et al. (1999), is bowl-shaped with
nearly vertical walls between 1 and 2 m in height and steep, colluvium-covered slopes at lower elevations
(Figure 3a). The gully is fed by a rill, which begins 160 m upstream from the gully headcut and enlarges
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gradually to a maximum depth of c. 2·5 m and width of c. 4 m just upstream from the headcut. A smaller incised
rill, which drains about one-ﬁfth of the total watershed, feeds the side of the gully about 50 m downstream from
the headcut (Figure 2a). At the headcut, the gully deepens to c. 4·5 m and widens to c. 9 m over a downstream
distance of about 1 m (Figure 3a). Farther down-gully, beyond this actively eroding region, the gully is 20–35 m
Figure 1. Location of study site
Figure 2. Topographic maps of the gully in (a) 1999, (b) 1970 and (c) 1964. Positions of benchmarks and extensometers are also shown.
Weir for the measurement of water discharge is c. 30 m downstream from the southern edge of the map area
998 J. T. THOMAS ET AL.
Copyright © 2004 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms 29, 995–1009 (2004)
Figure 3. (a) Bowl-shaped headcut of the gully viewed looking upstream from the foot of the western gully bank. Water enters the gully
just to the right of the three-trunked tree that has slumped into the mouth of the feeder rill. (b) Wooded lower reaches of the mapped section
of the gully looking downstream
wide and 7–9 m deep with lateral slopes of c. 35 per cent (Figure 3b). The topography surrounding the gully
is gentle; summit slopes and toe slopes are 0–4 per cent, and side slopes are 12–14 per cent.
Water enters the gully as both surface and subsurface ﬂow. Surface ﬂow enters the gully primarily through
the incised rill at its head where water ﬂows over a 1·5 m high step into a plunge pool at the base of the headcut.
Water then ﬂows down the gully axis through an incised, meandering channel. Groundwater seeps through the
gully walls, about 1–2 m below the ground surface, during most of the year. Seepage coalesces to form small
rivulets that ﬂow over the colluvium-covered slopes to the channel.
Vegetation increases in density down-gully. There is little vegetation that grows near the headcut, due to
mass-wasting there, although some colluvial slopes have been sufﬁciently stable to support grasses and shrubs.
More than about 20 m downstream from the headcut, the gully is tree-covered (Figure 3b).
Since the early 1960s, there have been changes in land use and conservation practices within the watershed.
In the few years prior to 1964, there were multiple ﬁelds with mixed cropping, including corn, oats, and alfalfa,
with some pastureland. From 1964 to 1996, the watershed was managed as one ﬁeld of contour-tilled, continuous
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corn. Mouldboard ploughing and consequent burial of plant residue in the early spring, typical of management
in the early part of the period, were gradually replaced by discing with greater preservation of residue cover.
Also during the ﬁrst few years of this period, some waterways adjacent to the gully were reshaped with
consequent disturbance of vegetation. Since 1996, a no-till corn and soybean rotation has been implemented. In
1980, level bench terraces were constructed on the northern and eastern sides of the watershed. A strip of brome
grass and other grasses, between 10 and 30 m wide, separates the cropped ﬁelds from the edge of the gully.
Previous work
From 1963 to 1980, the gully was surveyed and mapped annually or sub-annually for various US Department
of Agriculture projects (Bradford and Piest, 1980). Most of these were surveys of the gully perimeter, yielding
only the planimetric area and shape of the gully. Detailed surveys of the gully topography were performed in
November of 1964 and 1967 and July of 1970.
Gully widening and headcut advance were studied intensively in this area by Bradford and Piest (1977, 1980)
and attributed to several types of mass-wasting. Deep-seated rotational slides may extend or widen gullies by
a metre or more in a single failure event. More commonly, slopes are undermined progressively by alcove or
popout failures, in which pyramidal blocks of cohesive alluvium detach from near the bases of steep gully walls.
Such failures are associated with increases in soil moisture and may be driven by seepage into the gully.
Eventually, columnar sloughing of overlying material occurs.
Beginning in 1964, precipitation, water discharge, and suspended sediment concentration were monitored.
Precipitation was measured with a continuously recording rain gauge. A calibrated weir and water-level recorder,
now about 160 m downstream from the headcut, provided a record of water discharge leaving the gully. Water
discharge through the incised rill that began feeding the western side of the gully in 1974 was also measured,
beginning in 1975. Suspended sediment concentration was measured during runoff events until 1997 at the weir,
at the mouth of the primary feeder rill a few metres upstream from the gully headcut, and near the head of the
smaller feeder rill on the western side of the gully.
METHODS
Gully maps
We surveyed the uppermost 130 m of the gully and its immediate surroundings with a total station during
February 1999. A second survey of the uppermost 20 m of the gully was completed in March 2000, assuming
that erosion farther downstream was minimal over the intervening 13 months due to the gentler slopes and higher
density of vegetation there. Surveys of the gully perimeter alone were completed in July and November of 1999
and in October of 2000. Despite the installation of numerous benchmarks between 1963 and 1980, only two of
them were usable in 1999; others had been either lost by erosion or displaced due to slope processes.
To construct maps of the gully from both the old and recent surveys, reference points used in the older surveys
were transferred into the coordinate system used for the 1999 survey. Old survey reference points were digitized
from paper maps and imported into a GIS software package. Four reference points were needed to transfer data
from one coordinate system to another. Therefore, in addition to the two surviving, undisturbed benchmarks, two
points had to be created arbitrarily. These four control points were then used to transfer surveys and maps into
the 1999 coordinate system. A three-dimensional surface for each topographic survey was constructed as a
triangulated irregular network, which partitions data into a group of contiguous, non-overlapping, triangles with
an elevation value assigned to each node. Elevations between nodes were interpolated, allowing generation of
a three-dimensional surface.
Sediment data
Measurements of suspended sediment concentration in streams feeding and draining the gully provided an
indirect means of estimating gully erosion during years when no survey data were available. Suspended sediment
discharge (mass/time) is the product of water discharge and suspended sediment concentration. The rate at which
sediment was eroded from the gully was determined by subtracting the total suspended sediment discharge
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Figure 4. Gully perimeter from 1964 to 2000 determined from surveys. Perimeter labels refer to month and year of survey
entering the gully from that measured at the weir, assuming that bedload transport was negligible. Mass lost from
the gully was converted to a volume using a suitable bulk density for loess alluvium.
Bank-failure observations
Extensometers were installed in 1999 to record mass-wasting events at the western and northeastern sides of
the headcut (Figure 2a). Cable extensometers (UniMeasure, model HX-PA-10) were mounted on posts anchored
in concrete c. 1·5 m outside the vertical walls of the headcut; temperature-insensitive cables from the instruments
were extended horizontally to stakes driven to a depth of c. 0·5 m within 0·3 m of the gully wall. These
extensometers recorded horizontal strain normal to the gully banks, and thus recorded bank-failure events as
periods of rapid extension. These events, together with sporadic visual observations of bank failure, were used
to document seasonal variability in the number of mass-wasting events during 1999–2000.
RESULTS
Topographic and perimeter maps of the gully (Figure 2 and Figure 4, respectively) depict its growth from 1964
to 2000. The increase in gully volume over this period was 9200 m3, corresponding to an average of 3·2 × 105 kg
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of sediment removed from the gully annually. Headward growth over the period was about 100 m (Figure 4).
Due to growth of the gully, the catchment area contributing water to the gully decreased by 8 per cent from 1964
to 2000 (301 000 m2 to 276 000 m2). Erosion from the gully accounted for 34 per cent of the sediment mass
eroded from the watershed.
To complement the record of gully length and area provided by Figure 4, an annual record of the volume of
the gully was developed from the annual sediment-discharge data. To help calibrate the sediment-discharge
record, we ﬁrst expanded the record of gully volume provided by surveys by noting the tight linear relationship
between the volume of the gully and its planimetric area for the ﬁve years when both the area and volume of
the gully were measured (Figure 5a). Using this relationship, areas of the gully were used to calculate its volume
during years when only the gully perimeter was surveyed (Figure 5b). The suspended sediment discharges
entering and leaving the gully and the dry bulk density of loess-derived alluvium prior to erosion were then used
to calculate annual increases in gully volume. A best ﬁt with survey data was achieved with a bulk density of
1250 kg m−3 for the alluvium (Figure 5b). This value is close to the average bulk density of the upper member
of the DeForest Formation (1290 kg m−3) and within the range of bulk densities for loess-derived alluvium in
the area (1200–1450 kg m−3) (Bradford and Piest, 1980). This good agreement indicates that bedload transport,
which was not measured, was not signiﬁcant, presumably due to the uniformly small grain size (dominantly silt).
More importantly, the good agreement lends support to the annual record of gully volume provided by the
sediment-discharge data.
Rates of increase in the length, area, and volume of the gully have decreased since 1964. As in previous
studies where decreasing rates of gully growth were observed (Rutherford et al., 1997; Nachtergaele et al.,
2002), the data were ﬁtted with an exponential function of the form:
St = (Sf − S0)(1 − e
−b(t−to)) (1)
where St is the size of the gully, as characterized by its length, area, or volume, at time t, S0 and Sf are the sizes
of the gully at the beginning and end of the measurement period, b is a ‘decay constant’, and t0 is the time when
the measurement period began (Figure 6a–c). Several authors have advocated that the decrease in growth rate
described by this function results from the associated decrease in gully catchment area and consequent runoff
(Graf, 1977; Rutherford et al., 1997; Nachtergaele et al., 2002). A function of this form provides relatively tight
ﬁts to the data, although the decay constant, which characterizes the rate at which the gully approaches a
constant size, is more than twice as large for the gully length (0·087) as those for the gully area (0·038) and
volume (0·037).
Figure 5. (a) Volume of the gully, V, as a function of its area, A, for ﬁve years when the volume of the gully was measured directly.
(b) Volumetric growth of the gully since 1964, either measured directly or calculated from perimeter surveys using the regression in (a).
Also shown is volumetric growth indicated by the suspended-sediment discharge, ﬁtted to volumes determined from surveys using the dry
bulk density of loess alluvium as a ﬁtting parameter. Upper and lower bounds of gully volume were calculated using the range of bulk
density for loess alluvium in the area (1200–1450 kg m−3) (Bradford and Piest, 1980). A dry bulk density of 1250 kg m−3 yielded the best ﬁt
with survey data
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Figure 6. Increases in the (a) length, L, (b) area, A, and (c) volume, V, of the gully since 1964. A function of the form of Equation 1 has
been ﬁtted to the data. Headward growth rate plotted in (a) was determined by differentiating the regression equation
Aspects of the morphology of the gully changed systematically with time. The mean width of the gully,
determined by dividing its area by its length, increased progressively from 16·6 to 27·2 m (Figure 7a). The mean
depth of the gully, determined by dividing its volume by its area, remained relatively constant at 2·7–3·6 m
(Figure 7a), consistent with Figure 5a. The longitudinal slope of the gully, measured over the 20 m nearest the
up-slope edge of the headcut for the ﬁve years in which complete survey data are available, was relatively
constant (0·22– 0·26), and no systematic slope variation with time occurred (Figure 7b). The mean slope of the
gully banks, equal to the mean depth of the gully divided by one-half of its mean width, decreased with time
from about 0·35 to 0·25.
To explore how gully growth rate and morphology may have been related to catchment hydrology, water
discharge at the weir was separated into baseﬂow and storm runoff from hydrographs (Fetter, 1980) using daily
discharge data. Runoff included both surface and subsurface components (e.g., Montgomery and Dietrich, 2002),
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although for this small, low-gradient watershed subsurface storm runoff was probably insigniﬁcant (Dunne and
Black, 1970). Plots of cumulative baseﬂow and runoff indicate a large progressive decrease in the ratio of runoff
to baseﬂow over the period of record (Figure 8a). Between 1964 and 1975, this ratio was as large as 2·77. From
1976 to 1982, runoff and baseﬂow were essentially equal, with the ratio thereafter decreasing progressively to
Figure 7. (a) Mean width and depth of the gully, 1964–2000. (b) Mean bank slope (mean depth divided by one-half of the mean width) and
longitudinal slope of the gully, 1964–2000
Figure 8. (a) Cumulative runoff and baseﬂow, 1964–2000, and gully volume relative to 1964. (b) Cumulative runoff and baseﬂow,
normalized to cumulative precipitation, 1964–2000
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Figure 9. Annual headward growth rate, dL/dt, and volumetric growth rate, dV/dt, as functions of annual runoff, Qr, with power-law
regressions
0·63 in 2000. If baseﬂow and runoff are normalized to cumulative annual precipitation over the watershed, the
same trend emerges: runoff decreased from 20 to 10 per cent of annual precipitation, and baseﬂow increased
from 5 to 17 per cent of precipitation (Figure 8b).
Runoff was correlated with annual growth rates, whereas baseﬂow was correlated with the width of the gully
and the mean slope of its banks. Power functions best describe the strong correlation between annual runoff and
headward and volumetric growth rates (Figure 9). Runoff exponents were 1·57 and 1·30, respectively, indicating
that headward growth rate was more sensitive than volumetric growth rate to runoff. Correlation coefﬁcients (r2)
were 0·95 and 0·86, respectively. Baseﬂow was directly correlated to the mean width of the gully and inversely
correlated with the mean slope of the gully banks (Figure 10).
To explore the relationship between growth rates and runoff over seasonal time scales, mean monthly growth
rates were computed from mean monthly suspended-sediment discharges for the period 1964–2000, using the
ﬁtted value of bulk density (Figure 5b) to compute gully volume from sediment discharges. Comparison of
monthly growth rates with monthly rates of runoff and baseﬂow indicates that runoff and volumetric growth
rates were generally in phase on a monthly basis, both peaking in June (Figure 11a). A power function again
describes the correlation between these variables (Figure 11b).
Figure 10. Mean width of the gully and mean slope of the gully banks as functions of baseﬂow
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Figure 11. (a) Mean monthly volumetric growth rate, baseﬂow, and runoff, 1964–2000. (b) Mean monthly volumetric growth rate, dV/dt,
as a function of mean monthly runoff, Qr, with a power-law regression
Although monthly runoff was correlated with monthly volumetric growth rates, there was strong seasonal
variability in the efﬁciency of erosion by runoff. A measure of erosion efﬁciency is the fraction of stream power
that was used to move sediment out of the gully. The stream power per unit channel length, Ω, is
Ω = ρ g Qr S (2)
where ρ is the density of water, g is the acceleration due to gravity, Qr is the runoff discharge, and S is the
longitudinal slope of the gully. The power per unit channel length required to move sediment, Ωs, is
Ωs = ρs g Qs S (3)
where ρs is the density of sediment particles, and Qs is the volumetric sediment discharge. Dividing Equation
3 by Equation 2 yields the erosion efﬁciency:
  
Ω
Ω
s
  =
ρ
ρ
s s
r
Q
Q
(4)
Erosion efﬁciency, averaged over the 36-year period, was small during winter months, increased sharply in
April, peaked in May, and then decreased relatively steadily in the summer and autumn to wintertime minimum
values (Figure 12a). The May peak in erosion efﬁciency was an order-of-magnitude larger than the minimum
value in late autumn/early winter. The spring increase in erosion efﬁciency preceded the spring increase in
stream power by one month (Figure 12a). Also of interest is that during no month of the year was more than
2·2 per cent of the total stream power expended moving sediment.
Figure 12b indicates the total number of bank-failure events recorded during each month (October 1998–
October 2000) with extensometers, augmented by a few visual observations. Bank-failure events were most
numerous during the ﬁrst half of the year, with the maximum number in April, one month before the peak in
erosion efﬁciency.
DISCUSSION
Decreasing rates of gully growth over decadal time scales, similar to those observed in this study, have been
measured previously. Using dendrochronological data, Graf (1977) studied three gullies in Colorado and found
that their rates of headward growth decreased exponentially with time. He attributed the decreasing growth rate
to reduced runoff caused by shrinkage of catchment areas upslope from the gullies, which prompted his use of
an exponential function like Equation 1 to describe gully growth. From the value of the decay constant, b,
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Figure 12. (a) Mean monthly stream power per unit channel length, Ω, and mean monthly erosion efﬁciency, Ωs/Ω, 1964–2000. (b) Monthly
number of mass-wasting events observed in the headcut from October 1998, to October 2000, as determined primarily from extensometer
records
obtained by regressing his data, Graf determined the half-life of gully extension ( (ln 2)/b) and advocated its use
as a tool for predicting the time required for gullies to approach an equilibrium length in which their rate of
growth is reduced essentially to zero. Others have used Equation 1 to characterize gully development based on
measurements of gully growth in Australia (Rutherford et al., 1997) and Belgium (Nachtergaele et al., 2002).
Time scales for Graf’s study and these subsequent studies ranged from 10 to 50 years. Runoff was not measured
in these studies, so it could not be compared with the shrinking areas of catchments over time. Important
assumptions of these studies were that erosion rates were controlled dominantly by runoff and that catchment
area was the overriding inﬂuence on runoff magnitude.
Our measurements indicate that the ﬁrst of these assumptions is true for the gully we studied: decreasing
runoff was, indeed, responsible for the decrease in growth rate with time. Runoff was tightly correlated with
rates of both headward extension and volumetric growth (Figures 8a, 9). The sensitivity of growth rates to runoff,
as indicated by the ﬁtted value of the runoff exponent, was greater for the case of headward extension than for
volumetric growth, due to gully widening (Figure 7a) that accompanied the progressive decrease in runoff with
time. This widening with time also resulted in smaller decay constants (Equation 1) for the volume and area of
the gully than for its length (Figure 6).
However, despite correlation of growth rates to runoff and the success of Equation 1 in ﬁtting the length,
area, and volume of the gully with time (Figure 6), decreasing growth rates did not result from a decrease in
catchment area. Over the 36-year period of record, the catchment area shrunk only 8 per cent as a result of
gully growth. In contrast, differentiating the regression equation for the gully length, for example, indicates that
the rate of headward growth decreased by more than a factor of 20 (Figure 6a). There is no reason to expect
strong non-linearity between the catchment area and runoff and thus, unless there was extraordinary non-
linearity between runoff and its erosive potential, the 20-fold decrease in growth rate cannot be reasonably
attributed to shrinkage of the catchment area. Changes in the mean longitudinal slope of the gully headcut, which
would have affected both bed shear stress and stream power for a given runoff discharge, also cannot account
for the large reduction in growth rate because changes in longitudinal slope with time were small and unsystematic
(Figure 7b).
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Instead, the declining runoff that slowed growth resulted from the major change in the partitioning of runoff
and baseﬂow. The ratio of runoff to baseﬂow decreased steadily, such that by 2000 it had decreased by 77 per
cent relative to 1965 (Figure 8). This decrease in runoff could not have been caused by shrinkage of the
catchment area because the area contributing water to the weir (160 m downstream from the current headcut)
where discharge was measured did not change as the gully grew. Nor was the change in partitioning of runoff
and baseﬂow related to the method of hydrograph separation. Although hydrograph separation was based on
daily averages and thus probably misrepresented some events over shorter time scales, this averaging would not
have caused systematic changes in the partitioning of runoff and baseﬂow with time.
The decreasing proportion of runoff to baseﬂow may reﬂect several factors, none of which is easy to quantify.
Land reshaping and associated disturbance of vegetation in the mid-1960s may have enhanced runoff early in
the record. Terracing and changes in ploughing techniques that resulted in better preservation of crop residue at
the ground surface likely inhibited runoff later in the record. Also, 12 per cent more precipitation occurred as
high intensity storms (>0·025 m h−1) during the ﬁrst 10 years of the record than during the subsequent two decades.
The decrease in the proportion of runoff to baseﬂow was also likely to have been responsible for the widening
of the gully with time (Figure 7a) and for the decrease in the mean slope of the gully banks (Figure 7b); as
baseﬂow increased, the gully widened and the mean slope of the banks decreased (Figure 10). Topographic maps
of the gully in 1970 and 1999 illustrate that widening was accompanied by a change from a U-shaped to a more
V-shaped transverse cross-sectional proﬁle (Figure 2). Widening apparently resulted from transfer of loess
alluvium from the top to the bottom of the banks by mass-wasting, causing a reduction in bank slopes. Increased
baseﬂow and associated seepage through banks would have decreased the bank slope required for stability, while
decreased runoff would have reduced erosion of colluvium at the foot of the banks, also reducing bank slopes.
Although growth rates measured in this study were clearly correlated with runoff (Figures 8a, 9), over seasonal
time scales mass-wasting caused order-of-magnitude variations in the efﬁciency of ﬂuvial erosion, as indicated
by the fraction of stream power used to move sediment (Figure 12a). During winter months, erosion efﬁciency
was small, presumably due to frozen ground. Erosion efﬁciency rose sharply in April, when the number of mass-
wasting events was largest (Figure 12b), and then peaked in May. This peak in erosion efﬁciency one month
before the June peak in stream power must have reﬂected the large supply of erodible colluvium in April and
May. Similarly, the relatively steady reduction in erosion efﬁciency throughout the summer and autumn likely
resulted from progressive depletion of colluvium. Growth rate during any particular month of the year, therefore,
was not a simple function of stream power or, alternatively, of bed shear stress. This is consistent with the study
of Piest et al. (1975), who measured sediment transport from this gully during severe storms and found that
colluvium depletion during the latter parts of storms resulted in rapid decreases in sediment transport from the
gully, despite sustained runoff and high stream power. Measurements from gullies elsewhere have indicated
similar colluvium depletion during storms (Oostwold Wijdenes and Bryan, 2001).
Erosion efﬁciency did not exceed 2·2 per cent during any month of the year, averaged over the 36-year period
of the study (Figure 12a), indicating that only a very small fraction of stream power was used to move sediment
from the gully. Stream power is a popular indicator of erosion rates by ﬂuvial systems, for both alluvium (e.g.
Talling and Sowter, 1998) and bedrock (e.g. Sklar and Dietrich, 1998) substrates and is used commonly in
landscape modelling. However, if nearly all of runoff energy is dissipated in ways other than moving sediment,
which may be quite variable among channels, the direct physical basis for invoking stream power as an accurate
predictor of erosion potential is unclear.
CONCLUSIONS
About 9200 m3 of sediment were removed from the gully over the 36-year period of record, an average of
3·2 × 105 kg yr−1, which constituted 34 per cent of the total sediment yield from the watershed. Annual headward
and volumetric growth rates were tightly correlated with annual runoff, obeying mildly non-linear power-law
relations with exponents of 1·57 and 1·30, respectively.
Increases in the length, area, and volume of the gully with time were ﬁtted successfully with a negative
exponential relation used previously to characterize exponential decay of gully growth rates. This decay,
however, was not due to shrinkage of the catchment area associated with gully enlargement. Rather, it was due
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to a progressive decrease in the ratio of runoff to baseﬂow from 2·77 to 0·63, which also widened the gully with
time and reduced the mean slope of its banks. This study, therefore, illustrates the uncertainty of concluding,
in the absence of runoff and baseﬂow measurements, that catchment area (or the product of catchment area and
slope) is the primary variable controlling runoff and erosion rates over decadal time scales (e.g. Graf, 1997;
Rutherford et al., 1997; Nachtergaele et al., 2002).
Monthly values of volumetric growth rate and runoff, averaged over the 36-year record, were correlated but
revealed seasonal variations in erosion efﬁciency, as characterized by the fraction of stream power used to
evacuate sediment from the gully. Order-of-magnitude changes in erosion efﬁciency were associated with changes
in colluvium availability; thus, stream power alone provided only a rough indication of erosion rates over
seasonal and shorter time scales. The fraction of stream power expended moving sediment never exceeded 2·2
per cent for any month, serving as a reminder that, although stream power can be a proxy for erosion potential,
the physical relevance of stream power to sediment transport is indirect.
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